Background: Unveiling fungal genome structure and function reveals the potential 28 biotechnological use of fungi. Trichoderma harzianum is a powerful CAZyme-producing 29 fungus. We studied the genomic regions in T. harzianum IOC3844 containing CAZyme 30 genes, transcription factors and transporters. 31
3
Background 51
Trichoderma harzianum is a common fungal species in soil and is used as a biological control 52 in a variety of phytopathogenic fungi [1] . However, the use of lignocellulosic biomass 53 degradation is still poorly explored when compared to that of other cellulolytic fungi. Due to 54 the high cellulolytic activity of some strains, T. harzianum has shown considerable potential 55 for application in plant biomass hydrolysis [2] [3] [4] . T. harzianum strains have potential for the 56 production of an enzymatic/protein arsenal necessary for the complete hydrolysis of 57 cellulosic compounds in fermentable sugars [5] [6] [7] [8] [9] [10] . 58
Currently, the most-studied and widely used industrial-scale enzymes are produced by 59 the fungus T. reesei and species from the Aspergillus genus. These organisms are the source 60 of the majority of enzymes that make up enzymatic cocktails that are available on the market 61 [11] . T. reesei is a widely studied fungus and is found in several works in genomics, 62 transcriptomics, proteomics and metabolic engineering [12] [13] [14] [15] [16] . Thus, increasing the number 63 of biotechnological studies related to this bioprocess for T. harzianum is necessary. 64
The three main groups involved in the hydrolysis of cellulose (CEL) are 65 cellobiohydrolases, endo-β-1,4-glucanases and β -glucosidases. In addition, accessory 66 enzymes such as copper-dependent lytic polysaccharide mono-oxygenases (LPMOs), 67 cellulose-induced protein 1 and 2 (CIP1 and CIP2) and swollenin also participate in this 68 process [17] [18] [19] [20] . 69
One of the great challenges in understanding the molecular mechanism of biomass 70 degradation is how the transcription factors (TFs) related to this system act. Several fungal 71
TFs have been identified as related to the degradation of plant biomass, many of which 72 belong to the binuclear zinc family [21] . Many TFs have been described as being directly 73 involved in the regulation of plant biomass [22] . This number has been expanding rapidly in 74 recent years, mainly due to the increase in the sequencing scale of whole genomes and the 75 4 exponential increase in bioinformatics tools for analysis, which produce massive amounts of 76 information, and in the number of genes identified [22, 23] . 77
The purpose of the present study was to analyze genomic regions with CAZyme 78 genes using a bacterial artificial chromosome (BAC) library that we built [24] and to 79 integrate these data with RNA-seq, secretome data and coregulation networks. We sequenced 80 a massive amount of DNA and used it to integrate genomic data (genomic regions containing 81 CAZymes), expression patterns (the transcriptome under degradation conditions), proteins 82 (the secretome by mass spectrometry) and systems biology (with gene regulatory networks) 83 to obtain a broad and precise overview of the CEL degradation pathways. Based on our 84 study, we characterized the main genes, accessory enzymes and regions involved in the 85 degradation and regulation process of hydrolytic enzymes. In addition, we analyzed the 86 regulator cellulose degradation regulator 2 (CLR2) found in a cluster with other important 87 enzymes. These results will be important for further studies of regulation and gene silencing. 88
89
Results 90 91
Genomic regions of T. harzianum IOC3844 92
In this study, a library of large genomic regions was used as a resource to search for genes of 93 interest and to thoroughly study the genomic structure of T. harzianum IOC3844 94 (ThIOC3844) (accession numbers MK861589-MK861650 - Supplementary Table S1 and 95 Fig. S1 ). Screening for genes of interest resulted in a total of 62 regions that contained 96
CAZymes genes related to the degradation of plant biomass in the ThIOC3844 genome. 97
Sequencing of these regions generated a total of 5 Mb of the estimated 40 Mb genome 98
( Supplementary Table S2 and S3). These regions ranged in size from 43 to 152 kb, enabling 99 5 the prediction and annotation of 1676 gene models for this strain ( Supplementary Table S4 ). 100
The average number of genes per region was 26 ( Supplementary Table S1 ). 101
The genome of T. reesei QM6a (PRJNA325840) was used to analyze the distribution 102 of genes in ThIOC3844. This genome, which is composed of seven chromosomes with a total 103 size of 34 Mb, was divided into 38 intervals (1 Mb) ( Fig. 1 ). It was possible to observe 104 CAZyme genes annotated in ThIOC3844 distributed throughout the whole genome. Only 105 four intervals had no CAZyme genes, and when all the genes in the genomic regions of 106 ThIOC3844 were mapped, genes were found in all intervals. 107
The genes were functionally annotated for the main gene ontologies: biological 108 processes, cellular components and molecular functions ( Fig. 2a and Supplementary Fig. S2 ). 109
We found 209 sequences of hydrolytic activity, 139 related to transport proteins and 85 110 sequences involved in regulation of gene expression (possible TFs). In addition, a specific 111 annotation was made for genes identified as enzymes, where hydrolases (40%), 112 oxidoreductases (25%), transferases (22%), lyases (6%), ligases (4%) and isomerases (3%) 113 β -glucosidase (EC 3.2.1.21) ( Fig. 2c and Supplementary Table S5 ). 117 A total of 1676 genes were predicted. Of these, 222 were annotated as CAZymes in 118
ThIOC3844, including 45% of GHs, 23% of GTs, 10% of CEs, 8% of AAs and 14% of 119 CBMs ( Fig. 3 and Supplementary Table S6 ). The GH class presented with the highest 120 number of families, including GH2 (3 genes), GH7 (1 gene), GH3 (9 genes), GH5 (6 genes), 121 GH12 (1 gene), GH18 (4 genes) and GH62 (1 gene). When we compared syntenic genes between groups of genes, a greater difference 132 between T. harzianum and T. atroviride and T. reesei was observed. The T. harzianum 133 TR274 (ThTR274) strain presented the same gene profile of genomic organization as that 134 found in ThIOC3844. In TaIMI206040, four genes (GH4, transporter and two GH26) from 135 the cluster were not found; for TvGv29-8, two genes were not found (GH1 and GH4). For T. 136 reesei QM6a, three genes (GH4 and two GH26) were not found; in addition, the translocation 137 of genes (MFS x GH2 and TF2 x CLR2) was found. The genes for the transcription factor 138 CLR2, putative transcription factor TF2 and MFS (major facilitator superfamily permease) 139 were maintained in all species analyzed. This result suggests a potential association between 140 the regulation and expression of these genes ( Fig. 4) . 141
142
Expression by RNA-Seq and secreted proteins 143
All genes predicted in the genomic regions were analyzed according to expression data by 144 Table S7 ) and 145 secreted proteins identified by mass spectrometry (LC-MS/MS). We found 114 genes with 146 differential expression under CEL degradation conditions when compared to GLU 147 degradation conditions; among them, 51 were classified as CAZymes, such as beta-148 glucosidase of the GH1 family (1.8-fold change -FC), LPMOs of the AA9 family (FC 5.0) 149 7 and hypothetical protein with domain CBM1 (FC 3.7). In addition, two differentially 150 expressed TFs were identified, CLR2 (FC 1.6) and unidentified transcriptional regulator of 151 zing finger -Zn2Cys6 (FC 2.3). Six transport proteins were also found (iron permease, MFS 152 hexose transporter, siderophore transporter, ammonium permease, sugar transporter and 153 siderophore iron transporter). 154
RNA-Seq (under CEL and GLU degradation conditions) (Supplementary
Among the genes annotated as CAZymes in ThIOC3844, 31 were found in the 155 secretome of ThIOC3844 under CEL conditions, and the main families were GH3, GH12, 156 CBM1, AA9, GH6/CBM1, GH45/CBM1, GH62 and GH5. In this analysis, we also used the 157 level of expression of the secreted genes. The gene with the highest TPM index (1567.4 158 TPM) is a cellobiohydrolase (EC 3.2.1.91) of the GH6 family. However, our results indicate 159 that genes with low expression levels are also important secreted enzymes (Table 1) . 160
161

CLR2 transcription factor 162
The phylogenic analysis of the CLR2 factor showed a clear separation of this TF in relation 163 to Basidiomycetes and Ascomycetes ( Fig. 5a and Supplementary Table S8 ). However, even 164 within these groups, considerable phylogenetic diversity was observed among the species of 165 analyzed fungi with a variety of clades within the same group. Different strains of T. 166 harzianum grouped in a single clade with proximity to T. reesei and T. atroviride species. 167
Our results show a wide range of functional variety for CLR2, which may indicate different 168 types of performance between species. 169 A structural modeling analysis for the CLR2 protein of ThIOC3844 was performed 170 using T. reesei as a comparator. For both proteins, the best template was 6F07 171 (Saccharomyces cerevisiae), with e-values of 4.07e -06 and 6.62e -06 for ThIOC3844 ( Figure  172 5b) and T. reesei (Figure 5c ), respectively. Prediction of 1 and 3 protein domains was made 173 for ThIOC3844 and T. reesei, respectively. For ThIOC3844, 59% of the residues were 174 8 already modeled, and for T. reesei, it was possible to model 83%. For ThIOC3844, the 175 secondary structure prediction was 46% H (helix), 0% E (beta-sheet) and 53% C (loop), and 176 for solvent access, it was 56% E (exposed), 19% M (medium) and 23% B (buried). 177
A coregulation network of genes directly related to the CLR2 regulator was 178 constructed, searching for insights about other important proteins in the process of cellulase 179 expression. We identified 36 genes directly linked to CLR2, of which 21 genes were 180 annotated as hypothetical proteins. In addition, we found that genes with known annotations 181 were related to the process of gene expression, including genes annotated as initiation factors, 182 kinases and helicases ( Fig. 6a and Supplementary Table S9 ). 183 184
Network of induced/repressed genes in cellulose 185
Using the gene expression data of the secreted proteins, a Bayesian network of 186 induced/repressed genes was constructed based on the CEL growth conditions for T. 187 harzianum IOC3844 (Fig. 6b ). The major genes that were induced under this condition 188 belong to the GH7 (exoglucanase), GH5 (endo-β-1,4-glucanase), GH3 (β-glucosidase), GH12 189 (murein transglycosylase), CE15 (CIP2), AA9 (LPMO) and AA8 (hypothetical protein) 190
families. In addition, seven genes that were not classified as CAZymes were also induced 191 under CEL conditions. The families of repressed genes were GH10 (glycoside hydrolase 10 192 family endo-1,4-β-xylanase), GH11 (glycoside hydrolase 11 family endo-1,4-β-xylanase), 193 GH76 (alcohol dehydrogenase 1), GH20 (β-N-acetylhexosaminidase) and GH35 (glycoside In the present study, an integrative multi-omics approach was used to mine CAZyme-rich 198 regions of ThIOC3884. BAC clones were selected, sequenced and used in comparative 199 9 analyses focusing on the expression profile via RNA-Seq and the exoproteome under 200 different fungal growth conditions, enabling the discovery of important gene/proteins related 201 to plant biomass degradation ( Supplementary Fig. S3 ). 202
The vast majority of important enzymes for the degradation of plant biomass are 203 already known [25] [26] [27] . The current challenge is how enzymes are regulated and the genetic 204 mechanism of their activation. Thus, many works with cellulolytic fungi have focused on 205
TFs, accessory enzymes, transporters and the way the type of biomass affects the process of 206 regulating the cellulases and hemicellulases [22, 28-30]. Other studies have already shown 207 the potential of T. harzianum for the degradation of plant biomass. This is the first work that 208
integrates results from different biotechnology approaches and that focuses on the prediction 209 of the most important enzymes and TFs used by T. harzianum IOC3844 to degrade CEL. 210
The molecular process of CEL degradation is extremely complex and involves 211 hydrolytic enzymes acting on the extracellular medium, carrier proteins and TFs (Figure 7) . 212
For T. harzianum and T. reesei, the major CAZy families related to CEL degradation were 213 identified in the genome (GH1, GH3, GH6, GH7, GH12, GH45 and AA9) [7] , and many of 214 the cellulases have already had their three-dimensional structure solved; however, many key 215 proteins in this process are not well known as transporter TFs related to the regulation of 216 these enzymes. 217
The study of genomic regions is an important tool for providing a global view of the 218 important genes and regulatory regions of a genome [24, 31] . The genomes of a few strains of 219 genome, and as it is a strain with potential for hydrolytic enzymes, more genomic information 222 regarding CAZyme sequences is needed. In this study, our strategy was to use large genomic 223 regions and integrate these data with other genetic information. work, in addition to studying the most expressed genes that we found in the genomic regions, 235
we also searched for those with a confirmed presence in the fungus secretome CEL 236 degradation conditions. Our results showed that CAZy families are key in the degradation of 237
CEL, with a high level of expression and a positive presence as a secreted protein. 238
Genomic comparison is a powerful tool for understanding differences and 239 evolutionary dynamics among related species [36] [37] [38] . Our data show a high similarity 240 between different strains of T. harzianum (IOC3844, B97 and T6776), which indicates that 241 differences in enzyme production and efficiency may be related more to gene regulation 242 mechanisms than differences in the sequence itself. In addition, by synteny analysis, it was 243 possible to observe a greater difference in relation to the genome of T. reesei, which can be 244 explained by the loss of genes and genomic modifications carried out in lineages of this 245 fungus to increase its productivities of enzymes related to plant biomass degradation [12, 39] . 246
The CLR2 transcription factor was described as an important regulator in the 247 expression of cellulases by Neurospora crassa [22] ; however, its functional role is not yet 248 clear for fungi of the genus Trichoderma, including T. reesei [14, 40] . In the genome of 249 ThIOC3844, we found a cluster with the CLR2 TF in association with other putative 250 transcription factors, CAZymes, transporters and MFS permease. The same behavior was 251 found for the T. reesei CLR2 TF, which has physical proximity and coexpression with a 252 sugar transporter [29, 41] . These results indicate that there may be a mechanism for the joint 253 regulation and expression of this TF with transporters related to biomass degradation. Based 254 on RNA-Seq data, we observed differential expression of CLR2 in the cellulose condition. 
BAC library screening for gene selection in T. harzianum IOC3844 290
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